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In designing such an instrument, it is important to determine the lengths of the pipes that are necessary to give the required notes. For pipes open at both ends, it is well known that the wavelength of the fundamental is twice the effective length of the pipe. In addition, it is also well known that the effective length extends beyond the measured length of the pipes and a so-called end correction is necessary. In designing the instrument, the total end correction for the pipes was assumed to be twice the generally accepted value ' of 0.6133r for a single open end. In the case of the PVC piping used by the present authors, the measured length of the pipes should be shorter than the effective lengths by 3.12 cm.
The instrument is played by tapping on one of the open ends of the pipes with a paddle made from a soft synthetic material and a drumstick. As is customary with this type of instrument, the pipes for the lowest frequencies (pipes with lengths greater than one meter) were bent using elbows (see Fig. 1 ). In addition, couplings were used at the top ends to suspend the pipes through holes in the horizontal mounting pieces. The use of the elbows and couplings made the cutting of the pipe to the correct lengths somewhat uncertain, and in general the lengths of the straight pieces of the bent pipes were adjusted by trial and error. However, even for the straight pipes, where there were no elbows, the frequencies of the notes deviated Significantly from those expected-so much so that we decided to investigate further.
Basic theory
For pipes open at both ends, the wavelength of the fundamental mode is nominally twice the length of the pipe. The frequency (j = c! A) of the note for a pipe of effective length Lis therefore given by
where c is the speed of sound.
Assuming that the air is dry and behaves as an ideal gas, the speed of sound c as a function of temperature can be written in the well-known form 
Let the effective length L = Lo + DL, where Lo is the measured length of the pipe and DL is the total end correction. Substituting for L in Eq. (3) yields
As already mentioned, it is well established theoretically (see In designing the instrument, the physical lengths needed for the various notes were therefore determined assuming a total end correction of twice that due to a single open end (i.e., DL= 1.227r = 3.12 cm). However, as mentioned above, discrepancies between the expected and measured frequencies were observed. (2) 
Experiment and results
In order to investigate the troubling deviation of the observed frequencies of the pipes from their expected frequencies, an additional set of straight pipes was cut from the same 2-in (internal diameter 5.08 cm) PVC pipe. No elbows or couplings were used in order to eliminate any possible com-001: 10.1119/1.3555499 plication due to their use. The measured lengths (Lo) of these pipes are given in Table I . The least count uncertainty (LCU) in these physical lengths was 0.5 mm. The pipes were held vertically in a retort stand with a clearance of at least 30 cm from the floor (see Fig. 2 ).
As in the instrument itself, the top of a given pipe was tapped with a paddle in order to excite the fundamental mode. The tap was accomplished using a down-up motion lasting a fraction of a second (as with drumming). The experiments were performed in an interior windowless room, where the ambient temperature was between 22°C and 23°C during the day. The temperature was monitored using Vernier's'' Direct Temperature Probe, and the sound pressure was recorded using the internal microphone of a LabQuest data logger. 8 The temperature was also monitored by a liquid-in-glass thermometer, which agreed with the Vernier temperature probe to within O.S°c. The sound pressure data were downloaded to Logger Pro,8 where a fast Fourier transform (FFT) was performed and the peak frequency of the sound pressure signal determined with an uncertainty of +1-0.2 Hz. A typical waveform of the recorded sound pressure, together with its FFT, is shown in Fig. 3 . The strength of the overtones varied with the tapping and was not investigated. Table I (column 2) lists the measured peak frequencies for the various measured lengths (Lo) of the pipes. The measurements shown in Table I were taken at a temperature of22.1 0c. The corresponding speed of sound was therefore 344.4 mls [Eq. (2)]. Column 3 of Table I shows the total end correction (DL) calculated from Eq. (4) using the appropriate speed of sound and measured lengths (Lo). The mean value and standard deviation of column 3 yields DL = 3.54 ± 0.12 ern. We note that the values of DL in Table I show no systematic variation with frequency. DL was also determined by plotting a graph of frequency f versus Lo (Fig. 4) and performing a nonlinear fit of the data to Eq. (4) using a scientific spreadsheet. This gave DL = 3.50 ± 0.04 ern, in good agreement with the mean value from column 3, and this is the value used in the discussion below.
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Discussion and conclusion
With two open ends, one might have expected the total end effect to be 3.12 cm (l.56 em per end). Instead we determined experimentally a total end effect of 3.50 :::t::: 0.04 cm. If we assume that the expected value of the end correction is correct, the speed of sound would have to be 343.2 mls (corresponding to a temperature of 20°C for dry air) given the measured frequencies. This temperature is about 2°below our measured temperature, which is significantly more than the uncertainty in our temperature measurements. It should also be noted that the effect of any humidity would worsen the situation.
Since one end of the pipe is definitely "open" (the end farthest from the tapped end), we assume that its end effect is in agreement with the theoretical prediction of Ref. 2 (i.e., l.56 ern), Therefore, the end effect of the tapped end is about l.94 ern, or about 0.4 em greater than the expected value for an open end. We suggest that the transient position of the paddle during tapping serves to effectively increase the end effect of the tapped end. This is perhaps not surprising to those who have studied the acoustics of flutes and clarinets," but was a revelation to the present authors.
In conclusion it would be interesting to repeat the above measurements at significantly different temperatures. It would also be interesting to investigate the effect on the resonant frequencies of an obstruction at the "open" end. This could be accomplished by placing a paddle at various distances from the "open" end. Such an investigation could lead to a practical way of tuning a Blue Man Group" -type instrument.
Finally, by assuming that there is an asymmetric end effect of the magnitude suggested by the present experiment, the basic apparatus, together with a LabQuest data logger,S could serve as a simple and convenient way of determining the speed of sound in air at various temperatures with a high degree of accuracy using very inexpensive equipment. Stephen's longtime interest in music helped lead him to combine his music background and scientific studies for this research project.
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